The core domain of a human histidine decarboxylase mutant was purified and cocrystallized with the inhibitor l-histidine methyl ester. Using synchrotron radiation, a data set was collected from a single crystal at 100 K to 1.8 Å resolution. The crystal belonged to space group C2, with unit-cell parameters a = 215.16, b = 112.72, c = 171.39 Å , = 110.3 . Molecular replacement was carried out using the structure of aromatic l-amino-acid decarboxylase as a search model. The crystal contained three dimers per asymmetric unit, with a Matthews coefficient (V M ) of 3.01 Å 3 Da À1 and an estimated solvent content of 59.1%.
Introduction
Histamine is a bioactive amine responsible for a variety of physiological reactions, including allergies (Galli et al., 2008) , gastric acid secretion (Andersson et al., 1998) and neurotransmission (Nuutinen & Panula, 2010) . In mammals, the production of histamine from histidine is catalyzed by histidine decarboxylase (HDC; EC 4.1.1.22). HDC is the rate-limiting enzyme in histamine biosynthesis, and HDCknockout mice are nearly devoid of histamine (Ohtsu et al., 2001) .
Mammalian HDC is a pyridoxal 5 0 -phosphate (PLP)-dependent decarboxylase and belongs to the same family as mammalian glutamate decarboxylase (GAD) and mammalian aromatic l-amino-acid decarboxylase (AroDC) (Sandmeier et al., 1994) . The decarboxylases of this family function as homodimers and catalyze the formation of physiologically important amines such as -aminobutyric acid (GABA), dopamine and serotonin via the decarboxylation of glutamate, 3,4-dihydroxyphenylalanine (DOPA) and 5-hydroxytryptophan, respectively. Despite their high sequence homology, AroDC and HDC react with different substrates. For example, AroDC catalyzes the decarboxylation of several aromatic l-amino acids, but has little activity towards histidine. Although these differences are known, the substrate specificity of HDC has not been extensively studied because of the low levels of HDC in the body and the instability of recombinant HDC, even in a well purified form (Olmo et al., 2002) . However, knowledge of the substrate specificity and decarboxylation mechanism of HDC is valuable from the viewpoint of drug development, as it could help lead to the design of novel drugs to prevent histamine biosynthesis.
The structure of mammalian histidine decarboxylase has not yet been reported. Its three-dimensional structure will provide invaluable insights into the molecular basis of its histidine substrate specificity. To understand the molecular basis of HDC catalysis and specificity, we purified and crystallized a human HDC (hHDC) coredomain mutant. Here, we report the purification, crystallization and preliminary X-ray diffraction analysis of the hHDC core domain as the first step towards structure determination.
Materials and methods

Site-directed mutagenesis, expression and purification
To define the core domain of hHDC, the amino-acid sequence (662 amino acids) was aligned with those of 2 group II decarboxylases, namely GAD (Fenalti et al., 2007) and AroDC (Burkhard et al., 2001) , using the program ClustalW (http://www.ebi.ac.uk/clustalw/).
On the basis of this analysis, the core domain of hHDC was determined to extend from the N-terminus to residue 477. This domain was cloned and expressed in Escherichia coli. The core domain was amplified by PCR using Pfu DNA polymerase. The set of primers used for the amplification were HDC-F (5 0 -ACGCGGATCCATG-ATGGAGCCTGAGGAGTAC-3 0 ; the BamHI restriction site is shown in bold) and HDC-R (5 0 -ACCGCTCGAGTTACTGACTC-AGGATGAGAGTG-3 0 ; the XhoI restriction site is shown in bold). The hHDC cDNA was obtained from the plasmid previously constructed for the expression of hHDC in E. coli (Nitta et al., 2010) . The PCR product was cloned into the pGEX-6p-1 plasmid between the BamHI and XhoI sites. The core domain of hHDC carrying double mutations, C179S and C417S, was constructed by PCR using the QuikChange Site-Directed Mutagenesis kit (Stratagene). The oligonucleotides used for the mutagenesis were as follows: C179S, 5 0 -CCGATGCTGATGAGTCCTCCCTAAATGCCCG-3 0 and 5 0 -CGGGCATTTAGGGAGGACTCATCAGCATCGG-3 0 ; C417S, 5 0 -GGTTTTTCGTCTAAAGGGTCCTAATTCTCTCACA-GAAAATG-3 0 and 5 0 -CATTTTCTGTGAGAGAATTAGGACCCTT-TAGACGAAAAACC-3 0 . The correct nucleotide sequence of the constructs was confirmed by DNA sequencing (Hokkaido System Science Co. Ltd).
Transformed E. coli Rosetta 2 (DE3) cells bearing the constructs were grown at 298 K in Luria-Bertani (LB) medium supplemented with ampicillin (50 mg ml À1 ) and chloramphenicol (10 mg ml À1 ). The cells were collected by centrifugation and resuspended in 50 mM phosphate buffer pH 6.8 plus 300 mM NaCl, 1% polyethylene glycol (PEG) 300 and 10 mM PLP. After cell disruption by sonication, the lysates were centrifuged at 20 000g for 60 min. The supernatant was loaded onto a glutathione column and the GST tag was cleaved with PreScission protease (16 h at 277 K). Subsequently, the PreScissiontreated sample was applied onto a second glutathione column to sequester uncleaved protein. The flowthrough fraction was loaded onto a Resource Q column pre-equilibrated with 50 mM Tris pH 8.0. The column was washed with the same buffer and eluted with a linear gradient of 0-250 mM NaCl at a flow rate of 2 ml min À1 . Fractions containing the hHDC core domain were pooled for additional purification using a Superdex 200 gel-filtration column (GE Healthcare) with 20 mM HEPES buffer pH 7.0, 100 mM NaCl. The purity of the final protein preparation was evaluated by 10% SDS-PAGE. Fractions containing the hHDC core domain were pooled and concentrated to 10 mg ml À1 using a Vivaspin 20 (30 kDa molecular-weight cutoff).
Protein crystallization
For crystallization, 0.1 mM PLP and 2 mM l-histidine methyl ester were added to the hHDC core-domain solution. Crystallization was performed in CrystalClear Strips (Hampton Research) using the sitting-drop vapour-diffusion technique. For initial screening of the crystallization conditions, protein droplets prepared by mixing 1 ml protein solution and 1 ml reservoir solution were equilibrated against 80 ml reservoir solution. Initial crystallization screening was performed using commercially available screening kits from Hampton Research (Index) and Emerald BioSystems (Wizard III and IV and Precipitant Synergy) at 293 K. The conditions were then optimized by varying the PEG concentration and the pH of the buffer. The growth of the crystals was monitored periodically with an optical microscope.
Data collection and crystallographic analysis
An X-ray diffraction data set was collected at 100 K on beamline BL44XU ( = 0.9000 Å ) at SPring-8 using an MX225HE CCD detector. The crystal-to-detector distance was maintained at 175 mm, with an oscillation range of 0.5 per image, covering a total oscillation range of 180 . The unit-cell parameters were determined and the 
Figure 2
Absorption spectrum of the purified hHDC core domain double mutant. The absorption peaks at 335 and 423 nm typical of bound PLP are clearly visible. reflections were integrated using the HKL-2000 program package (Otwinowski & Minor, 1997) .
Results and discussion
SDS-PAGE analysis of the purified wild-type (WT) hHDC coredomain sample in the absence of reducing agents revealed several bands with apparent molecular weights (100 and 150 kDa) higher than that of the hHDC core-domain monomer, indicating oligomerization (Fig. 1) . Formation of the oligomeric species was possibly mediated via disulfide linkages between the free cysteine residues on the surface of each monomer. It was therefore necessary to replace the surface-exposed cysteines with an inert residue in order to prevent aggregation of the recombinant hHDC core domain during crystallization trials. We prepared a double mutation in which Cys179 and Cys417 were replaced by Ser (C179S and C417S); this double mutation prevented nonspecific polymerization and improved the homogeneity. Subsequent gel-filtration analysis indicated that both the wild-type and mutant proteins formed dimers in solution.
The UV-Vis absorption spectrum indicated that the cofactor PLP was bound via a Schiff base at the active-site lysine in the hHDC coredomain double mutant (Fig. 2) . We attempted crystallization of the hHDC core-domain double mutant in complex with an inhibitor, l-histidine methyl ester, and obtained usable crystals. The crystallization conditions of the hHDC core-domain double mutant were refined and the best crystals of the hHDC core domain were grown using a reservoir solution composed of 28%(w/v) PEG 3350, 100 mM Tris-HCl buffer pH 8.5, 200 mM lithium sulfate (Fig. 3) . For data collection, the crystals were soaked in a cryoprotectant solution (30% PEG 3350, 100 mM Tris-HCl buffer pH 8.5, 200 mM lithium sulfate, 10% glycerol) for a few minutes prior to cooling in a nitrogen cold stream at 100 K. The diffraction from the hHDC core-domain double-mutant crystal extended to 1.8 Å resolution. It belonged to space group C2, with unit-cell parameters a = 215.16, b = 112.72, c = 171.39 Å , = 110.3 . The data-collection statistics are summarized in Table 1 . Calculation of the Matthews coefficient (Matthews, 1968) suggested the presence of three or four dimers in the asymmetric unit. Molecular replacement was carried out by Phaser (McCoy et al., 2005) using the AroDC structure (Burkhard et al., 2001) as a model. A good molecular-replacement solution (LLG = 3372) was obtained when three dimers were expected in the asymmetric unit (V M = 3.01 Å 3 Da À1 ; 59.1% solvent content). Further structure refinement is now under way.
Figure 3
Typical crystals of the hHDC core domain double mutant. The maximum crystal dimensions were 0.05 Â 0.1 Â 0.5 mm. 
